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   ABSTRACT 
 
 Non-traditional machining has grown out of the need to machine exotic engineering metallic 
materials, composite materials and high tech ceramics having good mechanical properties and 
thermal characteristics as well as sufficient electrical conductivity. Electric Discharge machinery 
developed in late 1940’s has been accepted worldwide as a standard process in manufacturing 
and is capable of machining geometrically complex or hard material components, that are precise 
and difficult-to-machine such as heat treated tool steels, composites, super alloys, ceramics, 
hastalloys, nitralloy, nemonics, carbides, heat resistant steels etc. being widely used in die and 
mold making industries, aerospace, aeronautics and nuclear industries 
 
The thermal erosion theory is the most accepted mathematical model for evaluating material 
removal from electrodes during EDM process. It postulates that the process involves melted 
electrode and its evaporation by the discharge energy dissipated on electrode surface. Part of the 
melted and evaporated material is then ejected from electrode by force of different natures. 
 
Keeping this in view, the present work has been undertaken to generate a thermal-electrical 
model for sparks generated by electrical discharge in a liquid media and to determine the 
temperature distribution of tool and work piece. For a single discharge test, copper and En-19 
was used as specimens. The amount of heat dissipated varies with the thermal-physical 
properties of the conductor. The model is developed by using ANSYS software. ANSYS uses 
the finite-element method to solve the underlying governing equations and the associated 
problem-specific boundary conditions. Material Removal Rate, Surface Roughness and the 
maximum temperature reached in the discharge channel is determined. 
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CHAPTER – 1 
 
 
1.1 BACKGROUND 
 
The new concept of manufacturing uses non-conventional energy sources like sound, 
light, mechanical, chemical, electrical, electrons and ions. With the industrial and technological 
growth, development of harder and difficult to machine materials, which find wide application in 
aerospace, nuclear engineering and other industries owing to their high strength to weight ratio, 
hardness and heat resistance qualities has been witnessed. New developments in the field of 
material science have led to new engineering metallic materials, composite materials and high 
tech ceramics having good mechanical properties and thermal characteristics as well as sufficient 
electrical conductivity so that they can readily be machined by spark erosion. Non-traditional 
machining has grown out of the need to machine these exotic materials. The machining 
processes are non-traditional in the sense that they do not employ traditional tools for metal 
removal and instead they directly use other forms of energy. The problems of high complexity in 
shape, size and higher demand for product accuracy and surface finish can be solved through 
non-traditional methods. Currently, non-traditional processes possess virtually unlimited 
capabilities except for volumetric material removal rates, for which great advances have been 
made in the past few years to increase the material removal rates. As removal rate increases, the 
cost effectiveness of operations also increase, stimulating ever greater uses of non traditional 
process. The Electrical Discharge Machining process is employed widely for making tools, dies 
and other precision parts [1]. 
 
  Electrical Discharge machining (EDM) has been replacing drilling, milling, 
grinding and other traditional machining operations and is now a well established machining 
option in many manufacturing industries throughout the world. Modern Electric Discharge 
machinery developed in late 1940’s has been accepted worldwide as a standard process in 
manufacturing and is capable of machining geometrically complex or hard material components, 
that are precise and difficult-to-machine such as heat treated tool steels, composites, super alloys, 
ceramics, hastalloys, nitralloy, nemonics, carbides, heat resistant steels etc. being widely used in 
die and mold making industries, aerospace, aeronautics and nuclear industries. Electric 
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Discharge Machining has also made its presence felt in the new fields such as sports, medical 
and surgical, instruments, optical, including automotive R&D areas [2, 3]. 
 
1.2 PRINCIPLE OF EDM: 
 
In principle, EDM process is thermo-electric in nature and removes material from the 
work piece by series of discrete sparks between tool and work electrodes immersed in a 
dielectric medium. The electrode is moved towards the work piece until the gap is small enough 
to ionize the dielectric. Short duration discharges are generated in a liquid dielectric gap, which 
separates tool and work piece. The dielectric fluid makes it possible to flush eroded particles 
(mainly in form of hollow spheres) from the gap and it is really important to maintain this 
flushing continuously. 
 
The material is removed with the erosive effect of the electrical discharges from tool and 
work piece. There is no direct contact between electrode and work piece which eliminate 
mechanical stresses, chatter and vibration problems during machining [4]. Since erosion is 
produced by electrical discharges, both electrode and work piece have to be electrically 
conductive. In this process, the machining force is much smaller than that in cutting processes, 
because molten metal can be removed with a very small force. EDM uses electric energy by 
discharge which occurs as a result of dielectric breakdown between positive tool electrode and 
negative work piece. As tool electrode approaches to a work piece, the electric filed between tool 
and work piece is larger and larger. And then it comes to a point where a spark occurs. This is 
known as the fluid-ionization point and it is based on the dielectric strength of the fluid and the 
distance between the electrode and work piece. Dielectric fluid has non conductive property 
which is between anode and cathode. When discharge occurs, the voltage drops about to the 
range of from 25V to 45V.  Figure 1.1 illustrates the graph of variation of current according to 
voltage. The area which is used in electric discharge machining b-c is the spark discharge area, 
and d-e is the arc discharge area. When spark discharge occurs, which is the electricity flowing 
through the ionized column of dielectric, there is no variation of voltage but the amplitude of 
current rises quickly to a constant value set by operator. Within the ionized column, electrons 
separate from the dielectric-fluid atoms and flow from the negative-polarity electrode toward the 
positive-polarity work piece. Since the dielectric-fluid atoms in the column are missing electrons, 
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they are positively charged, and flow from the positive polarity work piece toward negative-
polarity electrode. This streaming of electrons and positive ions is known as plasma channel. 
Plasma channels that are surrounded by bubbles which occur by vaporization of dielectric fluid 
grow during on-time [5]. 
 
 
 
   
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1.1 Graph for current variation with voltage 
 
 
1.3 Four successive steps by which an electrical discharge between the tool electrode 
and the work piece proceeds [6]: 
1. The ignition phase 
2. Formation of the plasma channel 
3. Melting and evaporation of a small amount of work piece material 
4. Ejection of the liquid molten material 
 
1.3.1 The ignition phase 
 
An electrical tension is applied between electrode and work piece, creating an electrical 
field, characterized by the voltage gradient, expressed by the ratio of tension to distance, as well 
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as some other items (roughness profile of tool and work piece, debris in the gap,). At the places 
where the gradient is maximal (usually at the highest points on the surface), electrons are emitted 
by the cathode (Fig1.2 (a)).These electrons are called the primary electrons. The primary 
electrons are attracted by the anode and start moving towards it. On their way through the 
dielectric, the primary electrons collide with metal atoms of the dielectric. As a consequence, 
these dielectric atoms split up in positive ions and electrons. These are called the secondary 
electrons (Fig. 1.2 (b)). 
 
1.3.2 Formation of the plasma channel 
 
The positive ions originating from the dielectric are attracted towards the cathode. When 
they hit the cathode, they free some more electrons. This process is called the secondary 
emission. These electrons also move towards the anode and split up some more neutral dielectric 
atoms. The current, created by both the electrons and the ions increases drastically and the 
dielectric starts heating locally. This decreases the electrical resistance and the current increases 
further. The dielectric continues heating and vapor and even a plasma channel are created (Fig 
1.2(b).). The plasma channel is characterized by high pressure and temperature. The formation of 
the plasma channel is also called the voltage breakdown because when the plasma channel is 
created, the voltage drops from the higher, user specified open circuit tension to the breakdown 
voltage which is determined by the material combination of electrode and work piece (for the 
copper-steel combination it is from 20 to 25V). In normal cases, the voltage breakdown is 
initiated when the value of the electrical field reaches about 104V/mm. The time which elapses 
between applying the voltage and the voltage and the breakdown (and thus also the beginning of 
the discharge) is called the ignition delay time. During machining, debris particles (the chips) 
caused by machining and decomposition of the dielectric due to the high temperatures, are 
present in the dielectric fluid. Furthermore, powder particles can be added on purpose to the 
dielectric. In these cases, the particles in the dielectric form discharge paths which increase the 
voltage gradient. Consequently, the discharge takes place more easily and the gap is increased. 
 
1.3.3 Melting and evaporation 
 
The plasma channel is maintained by the EDM machine for a user specified time. During 
this time, the anode and cathode surfaces are bombarded by electrons and ions respectively. 
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When an electron or an ion collides with the surface, its kinetic energy is transformed into heat 
(Fig1.2(c)). This heat induces melting and a partial evaporation of the surface. The amount of 
molten material depends among other things from the number of electrons or ions that collide 
with the surface. The number of colliding particles per discharge depends on the current of the 
discharge and the discharge time. There is an important difference in mass between electrons and 
ions. Metal ions are much heavier than electrons and so their kinetic energy is much higher. 
However, due to the higher inertia of ions, it takes more time to bring them to a certain speed. 
Therefore, when short discharge times are applied, especially the electrons cause a high heat 
while only a limited amount of ions collide with the cathode. The speed of the ions is still low, so 
they need time to travel over a certain distance. It is only when longer discharge times are used 
that many ions can reach the surface of the cathode at a high speed. The high kinetic energy of 
the ions generates a lot of heat, melting the cathode surface. 
 
1.3.4 Ejection of the liquid molten material 
 
 
At the end of the user specified discharge time, the EDM machine stops the current 
abruptly. As a consequence, the plasma channel collapses and so the pressure on the molten 
cathode and anode surface (caused by the plasma channel) drops suddenly. This makes the 
molten materials at both electrode and work piece to boil violently and small droplets of liquid 
metal are ejected from the molten metal pool (Fig1.2 (d)). The removed material is evacuated by 
the flow of the dielectric fluid. This is the main material removal process in EDM. The main part 
is removed by the sudden and intense boiling at the end of the discharge.  
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Fig.1.2 (a-d) Successive Stages of EDM Process 
 
1.4 CLASSIFICATION OF EDM PROCESS: 
Basically, there are two different types of EDM as shown in Fig.1.3 (a) and 1.3(b): 
(a) Die-sinking EDM  
(b) Wire-cut EDM 
 
1.4.1 Die-sinking EDM: 
 
It reproduces the shape of the tool used (electrode) in the part where the tool shape 
complements the final desired shape of the work piece. The wear has to be very low, in order to 
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keep the electrode original shape unmodified during the whole machining process. The 
asymmetry in the material removal rate is thus crucial for die-sinking. The electrode is generally 
of copper or graphite, and the dielectric is oil. In case of die-sinking EDM the tool is usually the 
anode and the workpiece is the cathode for coarse machining operations while the polarities are 
reversed for fine machining operations. During any single discharge the anode starts to melt first 
because it absorbs the fast moving electrons at the start of the pulse but re-solidifies fast because 
of the expanding radius of the plasma channel, which tends to reduce the heat intensity on the 
anode surface. The melting of the cathode is, however, delayed because it absorbs slow moving 
ions. Moreover, the plasma radius at the cathode is smaller because it emits electrons. Hence the 
heating of the cathode is over a smaller area and thus more intense. This difference of spark 
behaviour at the cathode and the anode results in more material being removed from the cathode 
than from the anode and is the rationale for choosing the work piece as the cathode in coarse 
machining operation. Fig 1.3 (a) shows a die-sinking type EDM. 
 
 1.4.2 Wire-cut EDM: 
 
It uses a continuously circulating metallic wire (typical diameter 0.1 mm, generally in 
steel, brass or copper), which cuts the work piece along a programmed path. Deionized water is 
used as dielectric, directly injected around the wire. The wire is capable of achieving very small 
cutting angles. The wire in wire-EDM applications acts almost like an electrical saw. The quality 
of the machining, i.e. precision and surface rugosity, is directly related to the discharge 
parameters (current, voltage, discharge duration, polarity), and also on the dielectric cleanliness. 
Sparks with strong current produce deep craters: a high removal rate is obtained but with a high 
surface rugosity. On the other hand, sparks with low current will produce small craters: the 
surface rugosity is low but the removal rate is also low. Fig.1.3 (b) shows a wire-cut EDM. 
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               (a) Die-sinking EDM                     (b) Wire-cut EDM 
                                       Fig.1.3 Types of EDM 
 
1.4.3 Equipments of EDM:- 
 
Major subassemblies of the process are:- 
(a) Power Supply: It transforms the alternating current from the main utility electrical supply to 
pulse DC required to produce spark discharges at the machining gap. 
 
(b) Dielectric system: The dielectric system consists of dielectric fluid, delivery device, pumps, 
and filters.  
 
(c) Electrode: It is the tool determining shape of the cavity generated. It depends upon material & 
design. Requirements for selection: should be readily available, easily machinable, exhibit low 
wear, electrically conductive & provide good surface finish. 
 
(d) Servo System: It is Commanded from signals of gap voltage sensor system in power supply& 
controls the infeed of electrode or work piece to match material removal. 
 
1.5 EDM PARAMETERS: 
 
Parameters in EDM can be classified into three categories: control parameters, process 
result, and sensing parameters. The complete set of parameters is machine dependent. Different 
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EDM machines have different set of parameters due to the difference in their designs. A list of 
parameters usually found on most EDM machines is given in Table 1.1. Control parameters and 
process results are discussed below. Control parameters include those related to the work piece, 
tool electrode, generator, servo system, dielectric system, and the NC unit. Some of these 
parameters are fairly straight-forward and require no further explanation. 
 
 1.5.1 Generators 
 
Generator or power supply provides electrical energy in the form of pulses to the working 
gap. Generators can be roughly classified into two categories: RC-relaxation generators and 
static pulse generators. RC-relaxation generators use charging circuitry to charge parallel 
capacitors to the gap. Discharges occur when the voltage across the gap reaches a certain level. 
The control parameters on generator are most important because they directly determine the 
power applied to the working gap. 
a) Open-circuit Voltage: Open-circuit voltage specifies the voltage of applied pulses. It is not the 
voltage across the gap during electrical discharges. The latter is always about 15~25V. 
 
b) Pulse Duration or Discharge Duration: These parameters determine the length of the applied 
voltage pulses. Pulse duration, which is a setting on iso-frequent generators, sets the length of 
applied voltage pulses. During pulse duration, the lengths of ignition delay and discharge 
duration depend on the gap state. The actual discharge duration is not controllable. In iso-
energetic generators, discharge duration can be set directly. Together with peak discharge 
current, pulse duration sets the amount of energy generated during a single electrical discharge. 
 
c) Peak Discharge Current: The setting of peak discharge current on static pulse generators 
generally determines the number of power units connected parallel to the gap rather than the 
exact current level. The larger peak discharge current means the higher power intensity during 
electrical discharge.  
 
d) Pulse Interval, Duty Factor, or Pulse Frequency: Pulse interval, duty factor, or pulse frequency 
determines the separation of pulses. Duty factor is defined as the ratio of pulse duration over 
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pulse period. In machines with duty factor setting, pulse interval is set indirectly by setting pulse 
duration and duty factor. Pulse frequency is also used to set the pulse interval on some machines. 
 
e) Polarity: It specifies the polarity of work piece and tool electrode. Depending on the 
application, the polarity can be either way. 
 
1.5.2 Servo System 
 
The servo system controls the tool motion relative to the work piece to follow the desired 
path. It also controls the gap width within such a range that the discharge process can continue. If 
tool electrode moves too fast and touches the work piece, short circuit occurs. Short circuit 
contributes little to material removal because the voltage drop between electrodes is small and 
the current is limited by the generator. If tool electrode moves too slowly, the gap becomes too 
wide and electrical discharge never occurs. Another function of servo system is to retract the tool 
electrode when deterioration of gap condition is detected. The width cannot be measured during 
machining; other measurable variables are required for servo control. The ignition delay affects 
the average gap voltage; both average ignition delay and average gap voltage are usually used as 
the indirect measurement of gap width. The servo reference voltage and reference average 
ignition delay set the reference values for servo control. 
 
1.5.3 Dielectric System 
 
The liquid dielectric plays a crucial role during the whole process: 
(a) It cools down the electrodes. 
(b) It guarantees a high plasma pressure and therefore a high removing force on the molten metal 
when the plasma collapses. 
(c) It solidifies the molten metal into small spherical particles. 
(d) It also flushes away these particles. 
 
The most widely used types of dielectric liquid are mineral hydro-carbon oil for die-
sinking EDM and deionized water for wire-cut EDM. The post-discharge is in fact a crucial 
stage, during which the electrode gap is cleaned of the removed particles for the next discharge. 
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If particles stay in the gap, the electrical conductivity of the dielectric liquid increases, leading to 
a bad control of the process and poor machining quality. To enhance the flushing of particles, the 
dielectric generally flows through the gap. In addition, the electrode movement can be pulsed, 
typically every second, performing a large retreat movement. This pulsing movement also 
enhances the cleaning, on a larger scale, by bringing “fresh” dielectric into the gap.  
 
1.5.4 Material Removal 
 
Material removal determines both machining rate and tool electrode wear. In die sinking 
EDM, the material removal rate is defined as removed volume per unit time and specifies 
material removal on work piece. The relative tool wear, defined as the volumetric ratio of 
material removal on tool electrode over that on work piece, measures the material removal on 
tool electrode. The ratios of material removal between electrodes depend on some of the control 
parameters. Current density has the greatest influence on power distribution, which determines 
the ratio of material removal between electrodes. The plasma channel expands during discharge 
duration; the pulse duration is the most important control parameter affecting the relative 
material removal rate between the electrodes. The anode has larger material removal with shorter 
pulse duration while the cathode has larger material removal with longer pulse duration. Besides 
pulse duration, parameters that cause decrease of current density can reduce the material removal 
of the anode, too [7]. 
 
           Some of the most important parameters implicated in the EDM manufacturing process for 
Material Removal Rate (MRR) are the following ones:- 
 (a) On-time (pulse time or ti): It is the duration of time for which the current is allowed to flow 
per cycle. Material removal is directly proportional to the amount of energy applied during this 
on-time. This energy is controlled by the peak current and the length of the on-time. 
 
 (b) Off-time (pause time or t0): It is the duration of time between the sparks (Ton). This time 
allows the molten material to solidify and to be wash out of the arc gap. This parameter affects 
the speed and the stability of the cut. Thus, if the off-time is too short, it will cause unstable 
sparks. 
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(c) Arc gap (or gap): It is the distance between the electrode and the part during the process of 
EDM. It may be called as spark gap. 
 
 (d) Duty cycle: It is the percentage of on-time relative to the total cycle time. This parameter is 
calculated by dividing the on-time by the total cycle time [8]. 
 
1.5.5 Surface Integrity 
 
The electrode surface machined by EDM can be characterized by geometrical shape of 
the surface, metallurgical and chemical characteristics, and mechanical properties of the 
superficial area. Surface roughness is reported to increase with discharge energy [9]. The thermal 
actions of the sparks produce a surface layer that consists of resolidified layer on the top of heat-
affected-zone. Metallurgical, chemical, and mechanical changes exist in this surface layer. The 
machined surface is made up of three distinctive layers consisting of white layer/recast layer, 
heat affected zone (HAZ) and unaffected parent metal. The thickness of the recast layer formed 
on the work piece surface and the level of thermal damage suffered by the electrode can be 
determined by analyzing the growth of the plasma channel during sparking. Since the white layer 
is the topmost layer exposed to the environment, it exerts a great influence on the surface 
properties of the work piece. Lately, powders are suspended in the dielectric fluid to facilitate the 
ignition process by creating a higher discharge probability and lowering the breakdown strength 
of the insulating dielectric fluid. As a result, it increases the MRR, reduces the TWR and 
improves the sparking efficiency producing a strong corrosion resistant EDMed surface [10]. 
Moreover, the presence of powders in the dielectric fluid increases the micro-hardness and 
reduces the micro-cracks on the EDMed surface due to a reduction of losing alloying elements 
residing onto the work piece. 
 
1.5.6 Geometrical Accuracy 
 
There is a gap between the work piece and the tool electrode during the EDM process. 
This gap as well as the tool wear makes the resultant machined work piece shape different from 
the theoretical one. Such deviation needs to be compensated by undersize tool electrode and by 
setting the correct tool feed.  
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Table 1.1 List of parameters found on most EDM machines 
 
Control Parameters Process Parameters Sensing Parameters 
1. Work Piece 
 - Material  
 - Dimension 
 - Geometrical Shape 
2. Tool Electrode 
 - Material  
- Tool Diameter 
3. Generator 
 - Open Circuit Voltage 
 - Pulse Duration 
 - Discharge Duration 
 - Peak Discharge Current 
 - Duty factor 
 - Pulse Factor 
 - Polarity 
4. Servo System 
 - Servo Reference Voltage 
 - Reference Average Ignition 
Delay 
 - Gain 
 - Pulsation of Tool Electrode 
 5. Dielectric system 
 - Dielectric type 
 - Conductivity 
 - Flushing Method 
 - Flushing Rate 
 
1. Material Removal 
 - Work Piece MRR 
 - Cutting Speed 
 - Tool Electrode MRR 
 - Wear 
2. Geometrical Accuracy 
 - Geometrical Shape of Work 
Piece 
 - Aspect Ratio 
 - 2D 
 - 3D 
3. Surface Integrity 
- Geometrical Shape of the 
Surface 
 - Surface Roughness 
 - Crater Shape 
 4. Metallurgical and Chemical 
Characteristics 
 - Surface Layer 
 - Material Transfer 
 -Metallurgical Transformation 
 - Chemical Diffusion 
 5.  Mechanical Properties 
 - Residual Stress 
 - Micro Hardness 
 - Micro Cracks 
1. Electrical Parameters 
 - Pulse Type 
 - Ignition Delay 
 - Average Gap Voltage 
-Average Discharge Voltage 
-Average Discharge Current 
 - Voltage Fall time 
 - Power Dissipation 
 - Sparking Frequency 
 -Sum of Effective  
Discharge Duration Per Unit 
Time 
 - Pulse Efficiency Index 
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1.6 CHARACTERISTICS OF EDM 
 
1.6.1 Advantages of EDM 
 
One of the main advantages of EDM is a consequence of the thermal process. It is based 
on: removing material by melting and evaporation, so the hardness of the work piece is no 
limitation for machining. Even the hardest steel grades can be machined with almost same 
machining speed as for softer steels. 
 
a) Machining hard materials 
The capability of machining hard materials is a major benefit as most tools and moulds are made 
of hard materials to increase their lifetime. The recent developments in cutting tools for turning 
and milling and the processes of high speed machining allow to machine harder materials than 
before, but EDM still remains the only available process for machining many hard materials (e.g. 
carbides). 
 
b) Absence of forces 
As the EDM-process is based on a thermal principle, almost no mechanical forces are applied to 
the work piece. This allows to machine very thin and fragile structures. It should be noticed that 
some small mechanical, electrical and magnetic forces are produced by the EDM-process and 
that, as already mentioned, flushing and hydraulic forces may become large for some work piece 
geometry. The large cutting forces of the mechanical materials removal processes, however, 
remain absent. 
 
c) Machining of complex shapes 
Complex cavities can often be machined without difficulties by die-sinking EDM, provided an 
electrode is available, having the opposite shape of the cavity. In most cases, the soft electrode 
(Cu, graphite or W-Cu) can be machined rather easily by conventional processes as milling and 
turning or by wire-cutting EDM. In this way, complex cavities can be eroded, even on simple 
die-sinking machines which can only erode in the downward direction. Due to the modern NC 
control systems on die sinking machines, even more complicated work pieces can be machined. 
Modern, multi-axis NC controlled wire-cutting machines (where e.g. the wire inclination can be 
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constantly) also allow to achieve very intricate work pieces. Besides complex shapes, 
conventional processes, can easily be machined by EDM. EDM is also one of the only processes 
capable of machining three dimensional micro work pieces. A large growth of applications for so 
called micro electro mechanical systems (MEMS) is predicted for the near future. 
 
d) High degree of automation 
The high degree of automation and the use of tool and work piece changers allow the machines 
to work unattended for overnight or during the weekends. 
 
e) Accuracy of the process 
EDM is a process where very accurate structures can be machined (typically 1 to 5μm). In the 
case of work pieces with a higher thickness, the accuracy and the fine surface quality remains the 
same over the whole thickness of the work piece, due to the fact that EDM is machining with the 
same process conditions over the total work piece height. Process like laser beam or water jet 
machining can also achieve a high surface finish, but they can be used only for work pieces with 
a limited thickness. When the thickness increases, focusing problems induce a loss of quality. 
One of the main application fields of EDM is the mould and dies making industry. To achieve a 
high lifetime of the work piece, very hard materials should be used. The high hardness is often 
obtained by a thermal treatment. After the treatment however, most work pieces can no longer be 
machined by conventional processes, so EDM is the appropriate way to manufacture these work 
pieces. 
 
1.6.2 Disadvantages of EDM 
 
a) The need for electrical conductivity 
To be able to create discharges, the work piece has to be electrically conductive. Isolators, like 
plastics, glass and most ceramics, can not be machined by EDM, although some exception like 
for example diamond is known. Machining of partial conductors like Si semi-conductors, 
partially conductive ceramics and even glass is also possible. 
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b) Predictability of the gap 
The dimensions of the gap are not always easily predictable, especially with intricate work piece 
geometry. In these cases, the flushing conditions and the contamination state of differ from the 
specified one. In the case of die-sinking EDM, the tool wear also contributes to a deviation of the 
desired work piece geometry and it could reduce the achievable accuracy. Intermediate 
measuring of the work piece or some preliminary tests can often solve the problems. 
 
c) Optimization of the electrical parameters 
The choice of the electrical parameters of the EDM-process depends largely on the material 
combination of electrode and work piece and EDM manufactures only supply these parameters 
for a limited amount of material combinations. When machining special alloys, the user has to 
develop his own technology. 
 
d) Low material removal rate 
The material removal of the EDM-process is rather low, especially in the case of die-sinking 
EDM where the total volume of a cavity has to be removed by melting and evaporating the 
metal. With wire-EDM only the outline of the desired work piece shape has to be machined. 
Due to the low material removal rate, EDM is principally limited to the production of small 
series although some specific mass production applications are known. 
 
1.6.3 Applications of EDM: 
 
(a) In the machining of very hard metals and alloys used in aerospace, automotive and nuclear 
industries.  
(b) It is a promising technique to meet increasing demands for smaller components usually 
highly complicated, multi-functional parts used in the field of micro-electronics. 
 (c) Application potential of EDM can be further enhanced if its machining rates can be increased 
and resulting surface damage to the work piece is accurately estimated and reduced. 
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1.7 OBJECTIVE OF THE PRESENT WORK: 
 
The objective of the present work is an attempt to determine the temperature distribution 
of tool and work piece by developing a thermal-electrical model for sparks generated by 
electrical discharge in a liquid media. The discharge channel being an electrical conductor will 
dissipate heat, which can be explained by the Joule Heating Effect. The amount of heat 
dissipated varies with the thermal-physical properties of the conductor. The model is to be 
developed by using ANSYS software. ANSYS uses the finite-element method to solve the 
underlying governing equations and the associated problem-specific boundary conditions. 
Material Removal Rate, Surface Roughness and the maximum temperature reached in the 
discharge channel is to be determined. 
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CHAPTER – 2 
 
The earlier work related to the present research area by other researchers have been 
explored and the progressive account of the work has been enumerated in this chapter. 
 
Drayl D.Bitonto et al. (1989) [11] presented a simple cathode erosion model for EDM 
process. This point heat-source model accepts power rather than temperature as the boundary 
condition at the plasma/cathode interface. A constant fraction of the total power supplied to the 
gap is transferred to the cathode over a wide range of currents. The model identifies the key 
parameters of optimum pulse time factor (g) and erodibility (j) in terms of thermo-physical 
properties of cathode material. The differences of macroscopic dielectric properties affect6 the 
microscopic mechanisms for energy transfer at cathode. The constancy of the fraction of power 
supplied to the cathode is assumed and obtained from a single current measurement. 
 
Mukund R.Patel et al. (1989) [12] presented an erosion model for anode material. The 
model accepts power rather than temperature as boundary condition at plasma/anode interface. A 
constant fraction of the total power supplied to the gap is transferred to the anode. The power 
supplied is assumed to produce a Gaussian-distributed heat flux on the area of anode which 
grows with time. Rapid melting of anodic material and subsequent resolidification of the material 
for longer durations of time is presented. 
 
P. Madhu et al. (1991) [13] proposed a model for predicting the material removal rate and 
depth of damaged layer during EDM. The transient heat conduction equation for the work piece 
which accounts for the heat absorption due to melting has been solved by Finite Element 
Method. Simulations have been performed for a single spark in the form of pulses. The width of 
crater and the depth of penetration depend on spark-radius and the power intensity. It was found 
that MRR increases with power per spark and decreases with an increase in computational 
machining cycle time. It increases immediately after machining starts but soon reaches a steady 
state value. 
 
Philip T. Eubank et al. (1993) [14] developed a variable mass, cylindrical plasma model 
for sparks created by electric discharge in a liquid media. A thermo-physical property subroutine 
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allows realistic estimation of plasma enthalpy, mass-density and particle fractions by inclusion of 
the heats of dissociation and ionization for plasma created from deionized. Numerical solution of 
the model provides plasma radius, temperature, pressure and mass as a function of pulse time for 
fixed current, electrode gap and power fraction remaining in the plasma. High plasma 
temperatures and pressures persist in the plasma even after long pulse times. Uniquely high 
pressures found show that superheating is the dominant mechanism for EDM spark erosion. 
 
Indrajit Basak et al. (1997) et al. [15] developed a simplified model to predict the 
characteristics of the material removal rate for varying input parameters with the objective of 
finding the possibility of enhancing the capability of the Electrochemical discharge machining 
process and it has been found that an extra control parameter can be obtained by introducing an 
additional inductance in the circuit. The theoretical and experimental results indicate that a 
substantial increase in the material removal rate can be achieved due to the additional inductance 
introduced.  
 
J.C. Rebelo et al. (1999) [16 ] presented an experimental study on the effect of EDM 
parameters on material removal rate (MRR) and surface quality, when machining high strength 
copper-beryllium alloys.  Processing parameters for rough, finishing and micro-finishing or 
polishing regimes were analysed. The surface integrity of electro-discharge machined is 
quantified by measuring the roughness values, crater diameter and white layer thickness. 
``Thermal erosion models'', as justification for the optimal setting of different EDM parameters 
and achievement of distinct surface integrity using materials with different thermal properties, 
are discussed. For positive polarity the EDMed samples presents a ``normal'' behaviour with 
increasing MRR when machining energy is increased. However, for negative polarity, carbon is 
attracted by the work piece surface causing a deleterious effect on surface quality and MRR. The 
surface roughness for rough and finishing regimes increases with both discharge current and on-
time. 
 
C.H. Che Haron et al. (2001) [17] determined the possible correlation between the EDM 
parameter (current) and the machinability factors (material removal rate and electrode wear rate). 
The material removal rate of the work piece material and the wear rate of electrode material were 
obtained based on the calculation of the percentage of mass loss per machining time. It was 
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found that the material removal rate and electrode wear rate were dependent on the diameter of 
the electrode and had a close relation with the supply of current. Low current was found suitable 
for small diameter electrode while high current for large diameter of electrode. 
 
A. Kulkarni et al. (2002) [18 ] attempted to identify the underlying mechanism of the 
electrochemical discharge machining process through experimental observations of time-varying 
current in the circuit. Based on these observations the basic mechanism of temperature rise and 
material removal is proposed. They found the discharge is a discrete phenomenon. The 
breakdown is similar to the one that occurs in a gas due to a large electric field of the order of 
107 V/m which gets generated locally. 
 
Vinod Yadav et al. (2002) [19] proposed that the high temperature gradients generated at 
the gap during EDM result in large localized thermal stresses in a small heat-affected zone 
leading to micro-cracks, decrease in strength and fatigue life and possibly catastrophic failure. A 
finite element model has been developed to estimate the temperature field and thermal stresses. 
The effects of various process variables (current and duty cycle) on temperature distribution and 
thermal stress distribution have been reported. After one spark, substantial compressive and 
tensile stresses develop in a thin layer around the spark location and the thermal stresses exceed 
the yield strength of the work piece mostly in an extremely thin zone near the spark. 
 
Kesheng Wang et al. (2003) [20] discussed the development and application of a hybrid 
artificial neural network and genetic algorism methodology to modelling and optimisation of 
EDM. The hybridisation approach aims at exploiting the strong capabilities of the two tools and 
at solving manufacturing problems that are not amenable for modelling using traditional 
methods. The developed methodology with the model is highly beneficial to manufacturing 
industries, such as aerospace, automobile and tool making industries. The solutions achieved 
establish better knowledge about the interaction between the tool and the work piece.  
 
H.T. Lee et al. (2003) [21] presented a study of the relationship between EDM 
parameters and surface cracks by using a full factorial design, based upon discharge current and 
pulse-on time parameters on D2 and H13 tool steels as materials. The formation of surface 
cracks is explored by considering surface roughness, white layer thickness, and the stress 
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induced by the EDM process. Its use will provide a valuable aid in improving the quality of the 
EDM process. Increased pulse-on duration will increase both the average white layer thickness 
and the induced stress. These two conditions tend to promote crack formation. When the pulse 
current is increased, the increase in material removal rate causes a high deviation of thickness of 
the white layer. Compared to a thin white layer, a thick white layer has a tendency to crack more 
readily. 
 
Josko Valentincic et al. (2004) [ 22 ] proposed that rough machining parameters have to 
be selected according to the size of the eroding surface to achieve a high removal rate and low 
electrode wear. The size of the eroding surface varies according to the depth of machining and it 
has to be determined online. The work presented shows that the electric current signal depends 
on the size of the eroding surface. To detect the size of the eroding surface based on the electric 
current signal in the gap, it is necessary to build a different model for each machining regime. 
For constant machining parameters and varying size of the eroding surface , the attributes of the 
electric current signal were acquired and used as inputs to the modeller; a conditional average 
estimator (CAE) was used as a non parametric regression modeller. 
 
B. Lauwers et al. (2004) [23 ] presents a detailed investigation of the material removal 
mechanisms of some commercially available electrical conductive ceramic materials through 
analysis of the debris and the surface/sub-surface quality. ZrO2-based, Si3N4-based and Al2O3-
based ceramic materials, with additions of electrical conductive phases like TiN and TiCN, have 
been studied. They pointed out that besides the typical EDM material removal mechanisms, such 
as melting/evaporation and spalling, other mechanisms can occur such as oxidation and 
dissolution of the base material. The formation of cracks depends among factors like thermal 
conductivity of the material, melting point and strength, on the fracture toughness of the 
material. 
 
Shankar Singh et al. (2004) [24]  reported  the results of an experimental investigation 
carried out to study the effects of machining parameters such as pulsed current on material 
removal rate, diameteral over cut, electrode wear, and surface roughness in electric discharge 
machining of En-31 tool steel (IS designation: T105 Cr 1 Mn 60) hardened and tempered to 55 
HRc. The work material was ED machined with copper, copper tungsten, brass and aluminium 
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electrodes by varying the pulsed current at reverse polarity. Investigations indicate that the 
output parameters of EDM increase with the increase in pulsed current and the best machining 
rates are achieved with copper and aluminium electrodes. Copper is comparatively a better 
electrode material as it gives better surface finish, low diameteral over cut, high MRR and less 
electrode wear for En-31 work material, and aluminium is next to copper in performance, and 
may be preferred where surface finish is not the requirement. 
 
Leonid I. Sharakhovsky et al. (2006) [25] modified the step-wise model (SWM) of cold 
electrodes erosion of electric arc heaters for the calculation of work piece removal rate in EDM 
process. Modified model applies both relations the step-wise erosion model and the point heat 
source erosion model and takes into account the discharge current, the discharge pulse/pause 
time and thermo physical properties of machined material. The great advantage of the model is 
that by using the results of single experiment and obtaining the effective enthalpy it is possible to 
calculate WRR for given work piece material and dielectric at arbitrary working regimes. 
 
Nizar Ben Salah et al. (2006) [26] presented numerical results concerning the temperature 
distribution due to electric discharge machining process. From these thermal results, the material 
removal rate and the total roughness were deduced and compared with experimental 
observations. The temperature variation of conductivity was taken into account and shown that it 
is of crucial importance and gives the better correlations with experimental data. 
 
K.L. Bhondwe et al. (2006) [27] proposed a thermal model for the calculation of material 
removal rate during ECSM. The temperature distribution within zone of influence of single spark 
is first obtained with the application of finite element method .The nodal temperatures are further 
post processed for estimating MRR. Further the parametric studies are carried out for different 
parameters like electrolyte concentration, duty factor and energy partition. The increase in MRR 
is found to increase with increase in electrolyte concentration due to ECSM of soda lime glass 
work piece material. The change in the value of MRR for soda lime glass with concentration is 
found to be more than that of alumina. MRR is found to increase with increase in duty factor and 
energy partition for both soda lime glass and alumina work piece.  
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J. Marafona et al. (2006) [28] developed a thermal-electrical model for sparks generated 
by electrical discharge in a liquid media.  The radii value of the conductor is a function of the 
current intensity and pulse duration. The thermal–physical values used in the model are the 
average of both the ambient and melting value. Copper and iron are the materials used for anode 
and cathode, respectively. The Finite Element Analysis (FEA) results were compared with the 
experimental values of the table of AGIE SIT used by other researchers. The Joule heating effect 
is considered not only in the EDM electrodes but also in the discharge channel, which is 
considered by the authors as the driving phenomenon of the EDM process. 
 
Philip Allen et al. (2007) [29] presented the process simulation and residual stress 
analysis for the micro-EDM machining on molybdenum. Material removal is analyzed using a 
thermo-numerical model, which simulates a single spark discharge process. Using the numerical 
model, the effects of important EDM parameters such as the pulse duration on the crater 
dimension and the tool wear percentage are studied. The model estimates that the percentages of 
tool wear decreases with an increase in the pulse duration. The FEM study indicates that tensile 
residual stresses build up near the crater boundary in all directions during the micro-EDM 
process leading to micro-cracks. 
 
Against this background, present research work has been undertaken to develop a 
thermal-electrical model for sparks generated by electrical discharge in a liquid media. Attempts 
have been made in this work to determine the temperature distribution of tool, work piece and 
the discharge channel using Finite element Method. It will continue to be an important area of 
concern in coming years. The present investigation is a step in this direction. 
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CHAPTER – 3 
 
The governing equations for the finite element method used in the model analysis have been 
depicted in this chapter. The element selection, assumptions made and simulation procedure has 
also been presented. 
 
The thermal erosion theory is the most accepted mathematical model for evaluating material 
removal from electrodes during EDM process. It postulates that the process involves melted 
electrode and its evaporation by the discharge energy dissipated on electrode surface. Part of the 
melted and evaporated material is then ejected from electrode by force of different natures. Many 
researchers analyzed the material removal by heat conduction models with a heat source acting 
on the surface of electrode during a single electrical discharge [7]. The phenomena analyzed 
include power distribution during electrical discharge, the melting and boiling isothermals on the 
electrode, and material ejection from the electrode. The energy generated by electrical discharge 
is allocated at the anode, the cathode, and the plasma column. The knowledge about this power 
distribution is required for the application of heat conduction model. The temperature rise of 
electrodes due to dissipated discharge energy is calculated to determine the melting and boiling 
isothermals at the electrodes. 
 
3.1 FEA FORMULATION: 
 
Joule heating arises when the energy dissipated by an electrical current flowing through a 
conductor is converted into thermal energy. Coupling arises from two sources: the conductivity 
in the electrical problem is temperature dependent, and the internal heat generated in the thermal 
problem is a function of electrical current [28]. The thermal part of the problem includes all the 
heat conduction and heat storage (specific and latent heat); forced heat convection caused by 
fluid flowing through the mesh is not considered. The thermal–electrical elements have both 
temperature and electrical potential as nodal variables. 
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3.1.1 Governing Equation 
 
The electric field in a conducting material is governed by Maxwell’s equation of conservation of 
charge.It states that the divergence of the current density is equal to the negative rate of change 
of the charge density. 
∇ .J= -δρ / δt 
Assuming steady-state direct current,  
I = dQ / d t 
rc= dQ / dVdt 
∫
v
rc  dV = = ∫  J.n ds     (1)       ∫ dI
s
So, the equation reduces to: 
∫
s
 J.n ds = ∫ r
v
c  dV      (2)          
 where V is any control volume whose surface is S, n is the outward normal to S, J is the 
electrical current density (current per unit area), and rc is the internal volumetric current source 
per unit volume [19]. 
The divergence theorem can be used to convert the surface integral into volume integral: 
∫
v
∇ .J dV =∫  J.n ds      (3) 
s
Using equation (1), equation (3) becomes: 
∫
v
∇ .J dV =∫ r
v
c  dV       (4) 
Since   = ∇ ^i ^j
x
+∂
∂
z
k
y ∂
∂+∂
∂ ^  
Here the component of current along  direction 
^
i
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v
^
i
^
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x
+∂
∂
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y ∂
∂+∂
∂ ^ ).i J dV =∫ rc dV 
∫
v x∂
∂  J dV = r∫
v
c  dV 
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[
x∂
∂ J- rc ] dV = 0       (5) 
since the volume is arbitrary, this provides the point wise differential equation: 
x∂
∂ J- rc  = 0        (6) 
The equivalent weak form is obtained by introducing an arbitrary variational, the electrical 
potential field, δφ, and integrating over the volume: 
 ∫ dφ [
v x∂
∂ -J- rc ] dV = 0      (7) 
   ∫ - (
v x∂
∂ J δφ dV - rc   δφ dV) = 0     (8) 
 ∫ - (
v x∂
∂δϕ J dV + δδφ
x∂
∂ J dV - rcδ φ dV) = 0   (9) 
Since J defined as –J.n is the current density entering the control volume across S. 
 -∫
v x∂
∂δϕ J dV- δφ ∫ .J dV - r
v
∇ ∫
v
c δφ  dV    (10) 
 -∫
v x∂
∂δϕ J dV- δφ∫  J ds -  r
s
∫
v
c δφ dV = 0    (11) 
 -∫
v x∂
∂δϕ J dV =∫
s
δφ J ds + ∫ δφ r
v
c dV    (12) 
 
3.1.2 Constitutive Behaviour 
 
The flow of electrical current is described by Ohm’s law 
J = σ E .E        (13) 
Where  σ E  (θ,fα ) is the electrical conductivity matrix; q is the temperature; and fα , α=1, 2,…., 
are any predefined field variables.  
The conductivity can be isotropic, orthotropic, or fully anisotropic. 
 E(x) is the electrical field intensity defined as: 
 E= - 
x∂
∂ϕ        (14) 
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Since a potential rise occurs when a charged particle moves against the electrical field, the 
direction of the gradient is opposite to that of the electrical field.  
Using this definition of the electrical field, Ohm’s law is rewritten as: 
J = - σ E  . 
x∂
∂ϕ        (15) 
The constitutive relation is linear; that is, it assumes that the electrical conductivity is 
independent of the electrical field. 
Introducing Ohm’s law, the governing conservation of charge equation (12) becomes: 
∫
v x∂
∂δϕ . σ E  . 
x∂
∂ϕ  dV = ∫  r
v
c   δφ dV +   ∫
s
δφ J ds   (16) 
 
3.1.3 Thermal Energy Balance 
 
The heat conduction behaviour is described by the basic energy balance relation  
∫
v
ρ δθdV + ∫⋅U
v x∂
∂δθ .k
x∂
∂θ .dV = ∫
v
δθr dV +∫
s
δθq dS  (17) 
 
where V is a volume of solid material, with surface area S; r is the density of the material; U is 
the internal energy; k is the thermal conductivity matrix; q is the heat flux per unit area of the 
body, flowing into the body; and r is the heat generated within the body. 
 
Equations (16) and (17) describe the electrical and thermal problems, respectively. 
Coupling arises from two sources: 
The conductivity in the electrical problem is temperature dependent, σ E = σE (θ), and the internal 
heat generation in the thermal problem is a function of electrical current, r= rec (J), as described 
in equation (18). 
 
3.1.4. Thermal energy due to electrical current 
 
Joule’s law describes the rate of electrical energy, Pec, dissipated by current flowing through a 
conductor as 
Pec = E.J        (18) 
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 Using Equations ( ) and ( ), Joule’s law is rewritten as: 
 
Pec = E. σ E .E        (19) 
 
In a steady-state analysis Pec is evaluated at time t+∆t. In a transient analysis an averaged value 
of Pec is obtained over the increment. 
 
3.1.5. Surface conditions 
 
The surface S of the body consists of parts on which boundary conditions can be prescribed, Sp, 
and parts that can interact with nearby surfaces of other bodies, Si. Prescribed boundary 
conditions include the electrical potential, φ= φ(x,t); temperature, θ= θ(x,t); electrical current 
density, J=J(x,t); heat flux, q=q(x,t); and surface convection and radiation conditions. The 
surface interaction model includes heat conduction and radiation effects between the interface 
surfaces and electrical current flowing across the interface. 
Heat conduction and radiation are modeled by: 
qc = kg (θB - θ)        (20) 
and 
q r = FB (θB – θz) 4 – F (θB – θz) 4     (21) 
respectively, where θ is the temperature on the surface of the body under consideration,  
θB is the temperature on the surface of the other body, θz is the value of absolute zero 
temperature on the temperature scale being used; kg ( is the gap thermal conductivity, ),
αθ −− f
  = (1/2) (θ+ θ
−θ B) is the average interface temperature,  is the average of 
any predefined field variables at A and B, and F and F
))(2/1( αα
α
BA fff +=
−
B are constants. 
The electrical current flowing between the interface surfaces is modeled as:  
J = σg (φB –φ)        (22) 
where φ is the electrical potential on the surface of the body under consideration, φB is the 
electrical potential on the surface of the other body, and σg (  is the gap electrical 
conductivity. The electrical energy dissipated by the current flowing across the interface, 
),
αθ −− f
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Pec = J (φB –φ) = σg (φB –φ) 2      (23) 
is released as heat on surfaces of bodies. 
qec = f η g Pec        (24) 
and 
q  = (1-f) η 
B
ec g Pec       (25) 
 where ηg  is an energy conversion factor and f specifies how the total heat is distributed between 
the interface surfaces. Pec is evaluated at the end of the time increment in a steady state analysis, 
and an averaged value over the time increment is used in a transient analysis.  
Introducing the surface interaction effects and electrical energy released as thermal energy, the 
governing electric and thermal equations become: 
 
∫
v x∂
∂δϕ . σ E  . 
x∂
∂ϕ  dV = ∫  r
v
c  δφ dV + δφ J ds +    δφ σ∫
Sp
∫
Si
g (φB –φ) dS  (26) 
and 
∫
v
ρ δθdV + ∫⋅U
v x∂
∂δθ .k
x∂
∂θ .dV = ∫
v
δθr dV +∫
v
 δθ η g Pec dV + δθq dS  ∫
Sp
                                                      + δθ (q ∫
Si
c +q r +qec) dS    (27) 
 
3.1.6. Spatial Discretization 
 
 In a finite element model equilibrium is approximated as a finite set of equations by introducing 
interpolation functions. Discretized quantities are indicated by uppercase superscripts (for 
example, φN). The discretized quantities represent nodal variables, with nodes shared between 
adjacent elements and appropriate interpolation chosen to provide adequate continuity of the 
assumed variation. The virtual electrical potential field is interpolated by: 
 
δφ = NN δφN          (28) 
where NN are the interpolation functions. Substituting Equation (28) in Equation (26) we obtain a 
discretized electrical equation.  
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The temperature field in the thermal problem is approximated by the same set of interpolation 
functions: 
 
δθ = NP δφp          (29) 
 
Using these interpolation functions and a backward difference operator to integrate the internal 
energy rate, , the thermal energy balance relation is obtained, transforming the energy balance 
Equation (27) in a discretized one. 
⋅
U
 
3.2 DISCHARGE CHANNEL RADIUS: 
 
According to Erden [30] the discharge channel is influenced by the dielectric and 
electrode materials. This is extremely difficult to prove due to very short pulse duration. The 
Equation (30), obtained by Erden, can be used to calculate the radius in EDM process, and is 
discharge power and time dependent. 
R (t) = K Qm tn         (30) 
 
where Q is discharge power and m, n and K are empirical constants. 
However, some authors [12, 19] used Equation (31) to calculate the plasma radius which is only 
time-dependent. The empirical constants n and K are equal to 0.75 and 0.788, respectively. 
 
R (t) = K tn          (31) 
 
Equation (32) is given by Pandey and Jilani [31] to calculate the discharge radius in the EDM 
process. 
Tb = (E0R/Kπ0.5) tan-1 [4αt/R2]0.5       (32) 
where Tb is the boiling temperature, E0 is the energy density and α is the thermal diffusivity. Van 
Dijck [28] has studied the variation of the removed material from the electrodes using different 
values of the discharge channel radius. As was shown, there are a large number of different 
equations used to calculate the discharge radius in the EDM process although these have 
restricted application. 
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Ikai and Hashiguchi [32] showed that the discharge radius is related to the current 
intensity and pulse duration as in Erden’s Equation [30]. Marafona et.al [28 ] chose the discharge 
radius based on the work of Ikai and Hashiguchi among all the possibilities shown. This is called 
the equivalent heat input radius [R], which substitutes the radius changing of the heat supply. 
The equivalent heat input radius, which is dependent of the current intensity (I) and pulse 
duration (t), is thereby: 
 
[R] = 2.04 x 10-3 I 0.43t 0.44        (33) 
This is a virtual radius that is used as the equivalent heat input radius. The importance of 
this assumption to the present research is to get a ‘static’ thermal–electrical model where a 
constant radius is used, different for each input current intensity case. 
In the present work, an assumption has been made that the radius of the electrode is 20 times 
larger than the discharge channel radius. 
 
Based on these equations, the present work was carried out. In order to model single shot 
discharge, a thermal –electric analysis was performed. 
 
3.3 ASSUMPTIONS: 
 
In previous study [13] was mentioned that EDM is physically similar to many gas discharges in 
which a constant current is passed through the plasma. The electrical discharge in the EDM 
process is of high complexity and uncertainty nature; so in order to simplify the mathematical 
model were done the following assumptions: 
(1) The domain is considered as axisymmetric. 
(2) In the present work the electrode radius is considered about 20 times larger than the 
discharge channel radius and the outer cylinder is adiabatic. 
(3) The discharge channel is a uniform cylindrical shape. 
(4) The EDM discharge is made in a vaporized medium in which a constant current passes 
through it. 
(5) There is a partial conversion of the electrical in thermal energy-Joule heating-in the 
discharge channel. 
(6) The work piece and tool are homogeneous and isotropic. 
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(7) The material properties of the electrodes and dielectric are temperature-independent.  
(8) Averaged values of its thermal physic properties are used. 
(9) The heat transferred to the electrodes occurs by conduction.  
(10) In the discharge channel, there is no variation in the electrical potential in the radial 
direction. 
(11) The analysis is done for a single discharge. 
 
3.4 SIMULATION CONDITION AND PROCEDURE 
 
For a single discharge test, copper and En-19 was used as specimens. The copper is used widely 
with the electrode material. The single discharge analysis procedure employs the commercial 
finite element code ANSYS Multiphysics to determine both temperature distribution and 
deformation of molten material by plasma pressure. ANSYS is a generally used finite element 
code to solve engineering problem [33]. The thermal analysis was performed when the electrical 
discharge machining conditions and the material properties were given. The heat flux intensity 
varied with discharge gap current trace and the diameter of plasma. During the discharge on- 
time, the melting region and the evaporating region were found. The material was assumed that 
certain part whose temperature goes over the evaporating point would be removed. The molten 
material consequently would be protruded up to crater edge. Figure 3.1 shows the plasma 
channel developed during on-time. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.1   Plasma channel developed during on-time  
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 3.4.1 Element type for the analysis procedure: 
         Table 3.1 shows the element types considered for the model analysis [33]. 
 
Table 3.1 Element types used for the generation of model 
 
Analysis Element Type 
Thermal-electric Coupling 2-D, Plane -67 
Thermal-electric Coupling 2-D, Plane -67 
Thermal-electric Coupling 2-D, Plane-67 
 
 
3.4.2 Material Properties and applied Boundary conditions: 
 
Material properties for the tool, work piece and discharge channel was set as input 
values.The boundary conditions were given as nodal variables. Based on the governing 
equations, the loading conditions applied were temperature and voltage which varied between 
nodes. Considering these properties the simulation was carried out for a single discharge. Actual 
EDM cycle consists of OFF Time and On Time. In this model, the process is assumed to be 
having a continuous sparking for a long period of computational machining cycle time (i.e. zero 
off time). 
Table3.2 shows the material properties set for copper, En-19 and the EDM oil used as the 
dielectric fluid during the theoretical analysis. 
 
Table 3.2 Material Properties for FEA 
Material Property Copper (cathode) EDM Oil (dielectric) En-19 (anode) 
Density (g/mm3) 8920 x 10-6 5.7 x 10-8 7700 x 10-6
Conductivity (W/mmK) 400 x 10-3 0.06 222 x 10-12
Resistivity (Ω-mm) 1.7 x 10-11 1 22.2 x 10-11
Specific heat (J/gK) 385 x 10-3 15 473 x 10-3
 
 33
The model was developed by selecting the element types and then assigning the attributes 
to the elements. Meshing was done and elements were created as shown in Fig.3.2. The figure 
also shows the loads applied and the boundary conditions given for the model generation. The 
model is considered to be symmetric about Z-axis. 
Thermal Boundary Condition: 
 The temperature in the upper surface of the tool and lower surface of the work piece is 50˚C. 
The other surfaces in the boundary are condistered to be adiabatic. 
Electrical Boundary Condition: 
The voltage applied to the upper boundary of  tool is 25V and that of the lower boundary  of the 
work piece is 0V. 
Then the solution was carried out and the temperature profile reached in the electrodes and 
discharge channel was obtained. The maximum surface roughness (Rmax) values were also 
calculated. 
 
 
Fig.3.2 Elements after meshing and application of loads 
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CHAPTER – 4 
 
This chapter deals with the experimental details and procedure followed for the 
machining and estimation of material removal rate.  
 
The Electric Discharge Machine, model ELECTRONICA- ELECTRAPULS PS 50ZNC 
(die-sinking type) with servo-head (constant gap) and positive polarity for electrode was used to 
conduct the experiments. Commercial grade EDM oil (specific gravity= 0.763, freezing point= 
94˚C) was used as dielectric fluid. Experiments were conducted with positive polarity of 
electrode. The pulsed discharge current was applied in various steps in positive mode. Fig.4.1 
shows the EDM machine used for the experiment. 
 
The electrode made up of copper was machined in cylindrical shape on a lathe machine 
and brazed with mild steel. Diameter of the electrode was 30mm and thickness 40mm. The work 
piece material is En-19 with diameter 50mm and thickness 10 mm. All surfaces were ground 
finished. The initial weight of the work piece material was measured. Fig.4.2 shows the electrode 
and work piece material during the machining operation.  
                               
The chemical composition of the work material is given in Table 4.1 [34]. 
 
Table 4.1 Chemical composition of En-19 
 
 
Elements
 
Composition (wt. %)
C 0.35 – 0.45 
Si 0.10 – 0.35 
Mn 0.50 – 0.80 
P max 0.050 
S max 0.050 
Cr 0.90 – 1.50 
Mo 0.20 – 0.40 
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Fig. 4.1 EDM machine used for the experiment 
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Fig. 4.2 Electrode and work piece material used in the experiment 
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AISI-SAE (US Designations for steels) has given the classification to En-19 as 4140 Cr-Mo steel 
[35]. The older British specifications for steels have the letter En followed by a number where 
the last two digits stand for the carbon content. This series of Cr-Mo steels contain about 1% Cr 
with (0.15-0.25%) Mo. It enjoys great popularity because it is relatively cheap and possesses 
deep-hardening characteristics, ductility and weldability. Chromium is strong carbide forming 
element and its addition to steel increases its wear resistance and hardenability [36]. The 
beneficial effects arising from the presence of Cr in steels are enhanced by addition of 
molybdenum. The major applications of En-19 are: 
 
(a) They are extensively used for pressure vessels, aircraft structural parts, automobile axles, 
steering knuckles and arms. They are also used for parts of heavier section. 
(b) They are used for manufacture of springs, engine bolts, studs, axles, dies, rolls, tools, 
plates etc. 
(c) These are suitable for the manufacture of ball bearings and crushing machinery. 
(d) They are also employed in the making of cutlery steel and surgeon’s blade. 
 
Disadvantages: 
(a) These steels show embrittlement (inter granular fracture) when tempered in the range of 
500-575˚C because the transition temperature is raised.  
(b) They also show surface markings. 
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Electric Discharge Machining is a process of repetitive sparking cycles. The figures representing 
the sparking cycles are shown in Fig4.3 and 4.4. 
 
 
 
 
ToffTon
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Fig.4.3 Graphical representation of sparking cycles 
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t (μs) 
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Fig.4.4 Series of electrical pulses at the inter electrode gap 
 
 
Ton: Pulse ON time 
Toff: Pulse OFF time 
Td: Spark Ignition Period 
VP: Open Gap Voltage 
Vg: Average Gap Voltage 
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The work material was mounted on the T-slot table and positioned at the desired place 
and clamped. The electrode was clamped and its alignment was checked. The machining time 
was set as 5 minutes. Finally the required power switches were switched ‘ON’ for operating the 
desired discharge current values. 
 
 After each machining operation, the work piece material was taken out and weighed to 
find out the weight loss. From the weight loss obtained, the material removal rate was calculated 
for different current values. Three cases were considered with varying Ton conditions and 
machining was done for four different current values in each case. After the machining was done 
the change in weight of the material was calculated. From the weight change, the volume of 
material removed was found out and finally the Material Removal Rate was calculated. 
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 Table 4.2 shows the EDM machining parameters for this 12 conditions set during machining.  
 
Table 4.2 EDM machining parameters 
 
 
ExptNo. BLOCK STEP X Y Z Ip Ton t Vg SEN ASEN TW T↑ POL
S 1 0 0 -9 5 100 10 50 7 2 1.5 0.3 +ve 1 
E 2 0 0 -9 5 100 10 50 7 2 1.5 0.5 +ve 
S 1 0 0 -9 15 100 10 50 7 2 1.5 0.3 +ve 2 
E 2 0 0 -9 15 100 10 50 7 2 1.5 0.5 +ve 
S 1 0 0 -9 35 100 10 50 7 2 1.5 0.3 +ve 3 
E 2 0 0 -9 35 100 10 50 7 2 1.5 0.5 +ve 
S 1 0 0 -9 45 100 10 50 7 2 1.5 0.3 +ve 4 
E 2 0 0 -9 45 100 10 50 7 2 1.5 0.5 +ve 
S 1 0 0 -9 5 150 10 50 7 2 1.5 0.3 +ve 5 
E 2 0 0 -9 5 150 10 50 7 2 1.5 0.5 +ve 
S 1 0 0 -9 15 150 10 50 7 2 1.5 0.3 +ve 6 
E 2 0 0 -9 15 150 10 50 7 2 1.5 0.5 +ve 
S 1 0 0 -9 35 150 10 50 7 2 1.5 0.3 +ve 7 
E 2 0 0 -9 35 150 10 50 7 2 1.5 0.5 +ve 
S 1 0 0 -9 45 150 10 50 7 2 1.5 0.3 +ve 8 
E 2 0 0 -9 45 150 10 50 7 2 1.5 0.5 +ve 
S 1 0 0 -9 5 200 10 50 7 2 1.5 0.3 +ve 9 
E 2 0 0 -9 5 200 10 50 7 2 1.5 0.5 +ve 
S 1 0 0 -9 15 200 10 50 7 2 1.5 0.3 +ve 10 
E 2 0 0 -9 15 200 10 50 7 2 1.5 0.5 +ve 
S 1 0 0 -9 35 200 10 50 7 2 1.5 0.3 +ve 11 
E 2 0 0 -9 35 200 10 50 7 2 1.5 0.5 +ve 
S 1 0 0 -9 45 200 10 50 7 2 1.5 0.3 +ve 12 
E 2 0 0 -9 45 200 10 50 7 2 1.5 0.5 +ve 
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 Table 4.3 represents the description of the programming parameters and their ranges [37]. These 
programming parameters are present in the working area where the user is allowed to edit the 
program parameters. 
 
Table 4.3 Description of the programming parameters and their ranges     
 
Parameters Description Range 
X X Displacement -999.0 to 9999.99 
Y Y Displacement -999.0 to 9999.99 
Z Z Depth -999.0 to 9999.99 
Ip Sparking Current 0-200 A for normal machining 
(depending on machine model) 
Ton Pulse ON Time 0.5-4000 μ secs 
t Duty Cycle 1 - 12 
Vg Gap Voltage 40-100 
SEN Sensitivity (Quill Speed) 1- 10 
ASEN Antiarc Sensitivity 1- 10 
TW Work Time 0.1 – 30 secs 
T↑ Lift Time 0.0 to 20 secs 
 
 
 
The experiment was conducted and the weight of material removed was checked after each 
operation. The results obtained are shown in Chapter-5, Table 5.2. The calculation for material 
removal rate was done as per the sample calculation shown in 4.1. 
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4.1 SAMPLE CALCULATION: 
 
For Ton=100, the Material removal rates at 4 different current values are:  
(1) Current = 5 Amperes 
The initial weight of the sample = 178.430 grams 
After machining, the final weight = 178.270 grams 
Weight loss = 178.430 – 178.270 grams = 0.160 grams 
Volume Loss = Weight loss / Density 
                      = 0.160 / 0.0077 mm3
                      = 20.779 mm3
Material Removal Rate = Volume of the material removed /Time 
                                      = 20.779 / 5= 4.1558 mm3/min. 
 
The electrode and work piece material after the machining operation is shown in Fig. 4.5. 
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Fig.4.5 shows the electrode and work piece after the machining operation. 
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 CHAPTER – 5 
 
The main cause for material removal from both tool and work piece is the temperature 
reached at their surfaces. The material evaporates from both tool and work piece where the 
temperature is above the melting temperatures of the respective materials. This temperature at 
the surface of both the electrodes is due to the thermal energy, which is generated in the 
discharge channel. The first step in the prediction of thermal stresses is the analysis of 
temperature distribution. Thermal action of EDM process also affects the surface integrity of the 
machined component. 
 
The tool and work piece material is considered as copper and EN-19 respectively during 
the model analysis. The temperature distribution during single discharge was calculated with 
energy input. After the single pulse discharge ignited, discharge channel changes from ambient 
liquid to plasma with channel expansion. The thermal energy generates a channel of plasma 
between the electrodes at temperature in the range of 8000 to 12,000 °C or as high as 20,000 °C 
initializing a substantial amount of heating and melting of material at the surface of each pole. 
This temperature obtained is the maximum temperature reached in the discharge channel and it is 
an indicator of the model’s thermal behavior. This temperature distribution was used to calculate 
the volume of material removed from the work piece for different current intensities. 
 
5.1 VOLUME OF MATERIAL REMOVED  
 
During computation of results using FEM, the width and depth of crater in the work piece for a 
single spark is predicted assuming that the regions which attain a temperature above the upper 
limit of melting temperature (10,000ºC) are completely removed [1]. 
 
In Fig. 5.1, the temperature distribution of discharge channel at current intensity 68 amps is 
shown and the maximum temperature reached in the discharge channel is 17881˚C, which is also 
the maximum temperature reached in the work piece. Where as the maximum temperature of the 
tool is about 10,000˚C. Hence, the heat dissipated in the work piece is more than the tool.  
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Considering the crater of material removed as an ellipsoid as shown in Fig. 5.1, its radii are 
represented as r1, r2 and r3. The radii r1 is equal to r2 as the volume is axisymmetric. These radii r1 
and r3 are measured from Fig. 5.1 after multiplying with appropriate scale factor; the volume of 
material removed is calculated and found to be 1.853856 x 109 μm3. For a current intensity of 68 
amps, the volume of material removed was calculated as per the sample calculation. 
 
5.2 SAMPLE CALCULATION: 
 
The Volume of material removed for current 68 amps is given as: 
Volume of ellipsoid = 4/3 П r1 r2 r3  
 Here r1= 1.2 mm, r2 = 1.2 mm, r3 = 0.615 mm 
So, Volume = 4/3 x 3.14 x 1.2x 1.2 x 0.615 
                    = 3.7077 mm3
Volume of material removed = ½ volume of ellipsoid 
= ½ x 3.7077 
=1.853856 mm3  
                                                =1.853856 x 109 μm3
 
 Fig. 5.1 Temperature distribution obtained for a current intensity value of 68 amps 
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Fig. 5.2 Temperature distribution obtained for a current intensity value of 58 amps 
 48
 Fig. 5.3 Temperature distribution obtained for a current intensity value of 44 amp
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Fig. 5.4 Temperature distribution obtained for a current intensity value of 36 amps
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 5.2 shows the temperature distribution at 58 amps and the maximum temperature 
reached in the discharge channel is 15,246ºC. The maximum temperature reached in the work 
piece is about 14,000ºC where as the maximum temperature of tool is about 10,000ºC.Thus, the 
heat dissipated in the work piece is more than the tool. With the decrease in current intensity, 
temperature decreases as a result of which the area subjected to more than 10,000ºC is 
decreasing. The volume of material removed from the work piece is 1.098748 μm3 x 109 which 
is less than the volume of material removed for 68 amps. 
 
For a current intensity of 44 amps, maximum temperature reached in the discharge 
channel is 11,690ºC as shown in Fig.5.3. The maximum temperature reached in the work piece is 
about 12,000ºC where as the maximum temperature reached in the tool is about 10,000ºC. Again 
the heat dissipated in the work piece is more than the tool. The volume of material removed in 
this case is 0.181366 x 109 μm3. 
 
Similarly, for a current intensity of 36 amps, the maximum temperature reached in the 
discharge channel is 9,541ºC which is comparatively less than the maximum temperature of 
discharge channel for 68 amps, 58 amps and 44 amps. With the decrease in current intensity, 
area subjected to a temperature of 10,000ºC is also decreasing consequently decreasing the 
volume of material removed which is calculated as 0.090432 x 109 μm3. 
 
The table containing the values of r1, r2, r3, current intensities, volume of material 
removed and Rmax is presented in Table 5.1. The radii of the crater formed r1, r2 and r3 is 
represented by an ellipsoid. With different current intensity (I) values, the volume of material 
removed is shown in the table. The calculated maximum surface roughness (Rmax) values are also 
shown which are the r3 values of the ellipsoid representing the crater. 
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Table 5.1 Table for FEA results of r1, r2, r3, current intensities, volume of material removed and 
Rmax
 
Radii of the ellipsoid representing 
crater formed 
Sl. 
no. 
r1 
(mm) 
r2
(mm) 
r3 
(mm) 
Current Intensity 
(I) (amps) 
Volume of material 
removed 
(μm3) x 109
Rmax
(mm)
1 1.2 
 
1.2 0.615 68 1.853856 0.615
2 1.08 
 
1.08 0.45 58 1.098748 0.45 
3 0.76 
 
0.76 0.15 44 0.181366 0.15 
4 0.6 
 
0.6 0.12 36 0.090432 0.12 
 
 
A graph showing the volume of material removed for different current intensities is presented in 
Fig. 5.5. It is clear from the plot that the volume of material removed decreases with decrease in 
current. From 68 amps to 44 amps, the volume of material removed decreases uniformly where 
as from 44 amps to 36 amps there is a little decrease in volume of removed material. 
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Fig. 5.5 Volume of material removed with different current intensities for FEA 
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5.3   MAXIMUM SURFACE ROUGHNESS (RMAX):  
 
The application of Electric Discharge Machining technique induces severe surface 
morphological and elemental alterations due to the high temperatures developed during 
machining, which vary between 10,000°C and 20,000°C. The distinctive morphology of a 
surface which has undergone EDM machining, is due to the enormous amount of heat generated 
by the discharges, which causes melting and vaporization of the material, followed by rapid 
cooling. The surface roughness is caused by an uneven fusing structure, globules of debris, 
shallow craters, pockmarks, voids and cracks. These effects become more pronounced as the 
pulse current and pulse-on duration increase.  
In the present work, the maximum work piece (cathode) surface roughness (Rmax) is calculated 
for different current intensity values. 
 
For a current intensity value of 68 amps, the temperature reached by the discharge 
channel is 17,881°C as shown in Fig. 5.1. The maximum surface roughness (Rmax) value 
obtained for the work piece is found to be 0.615mm. As the temperature reached by the 
discharge channel is more, the depth of crater is also more as a result of which Rmax is more. The 
depth of crater depends on the average power intensity of spark. 
 
  The Rmax value obtained for the work piece is found to be 0.45mm for a current intensity 
of 58 amps. The maximum temperature reached in the discharge channel is 15,690°C which is 
less in comparison to 68 amps which lowers the depth of crater and Rmax decreases subsequently. 
For a current intensity value of 44 amps, the Rmax value obtained for the work piece is be 0.15mm 
which is less as compared to that for a current intensity of 68 amps and 58 amps depending upon 
the maximum temperature reached in the discharge channel and work piece. 
The Rmax value obtained for the work piece is found to be 0.12mm for a current intensity value of 
36 amps. As the temperature reached by the discharge channel is less compared to 68 amps, 58 
amps and 44 amps, the depth of crater is also less as a result of which Rmax is less. 
 
A graph showing the respective Rmax values with the corresponding current intensities is 
presented in Fig. 5.6. Better surface finish is obtained with less current. So, for finishing cut the 
current should be less as possible. 
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 Fig. 5.6 Rmax values with various current intensities for FEA 
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5.4 EXPERIMENTAL RESULTS: 
 
The material removal rate found in the experiment conducted with varying Ton and current values 
are shown in Table 5.2. The difference in weights, volume of material removed and material 
removal rates are also presented in the table. 
 
Table 5.2 Material removal rate found in the experiment conducted with varying Ton and current 
values 
 
Expt.No. Ip 
(Amps) 
Ton Machining 
Time(min)
Initial 
Weight 
(grams)
Final 
Weight 
(grams) 
Difference 
in Weight 
(grams) 
Volume 
of 
material 
removed 
(mm3) 
MRR 
(mm3/min)
1 5 100 5 178.43 178.27 0.16 20.78 4.16 
2 45 100 5 178.27 174.62 3.65 474.03 94.81 
3 35 100 5 174.62 171.42 3.20 415.58 83.12 
4 15 100 5 171.42 169.97 1.45 188.31 37.66 
5 5 150 5 170.01 169.81 0.20 25.97 5.19 
6 15 150 5 169.81 168.01 1.80 233.77 46.75 
7 35 150 5 168.01 164.18 3.83 497.40 99.48 
8 45 150 5 164.18 159.56 4.62 600.00 120.00 
9 5 200 5 159.56 159.34 0.22 28.57 5.71 
10 15 200 5 159.34 157.18 2.20 285.71 57.14 
11 35 200 5 157.18 153.10 4.63 601.30 120.26 
12 45 200 5 153.10 148.61 5.62 729.87 145.97 
 
A graph showing the material removal rates with varying current conditions and different 
Ton values is presented in Fig. 5.7. It indicates that for Ton =100, with increase in current the 
material removal rate increases. The volume of material removed is increasing as the current is 
increasing and hence the Material Removal Rate is also increasing for Ton = 150 and 200. 
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The material removal rate increases with Ton   for same current which is obvious. As spark time 
increases with Ton, more energy is being released in the discharge channel and consequently 
more is the material removal rate. 
 
 
 
 
 
 Fig. 5.7 Material Removal rates with varying current conditions 
for Experiment.  
 
 
 
 
 
 
 57
 CHAPTER – 6 
 
6.1 CONCLUSION 
 
In the present work, the Joule heating factor was used to model the EDM process and predict 
the maximum temperature reached in the discharge channel. From the temperature distribution 
the volume of material removed from the work piece and Rmax was estimated. Experiments were 
conducted with different pulse on-time (Ton) and current values and the material removal rate 
was calculated. The Most important conclusions of the work are: 
 
1. With the new FEA model for the EDM process, it is possible to estimate the material 
removed from the work piece, the surface roughness and the maximum temperature 
reached in the discharge channel. The maximum temperature in the discharge channel is 
an indicator of the model’s thermal behaviour. 
 
2. Material removal rate increases with the increase in current. 
 
3. Maximum surface roughness (Rmax) increases with the increase in current. 
 
4. From the experiments conducted, the volume of material removed and material removal 
rate is calculated and its trend in variation with current is in agreement with FEA results. 
 
5. The 2D axisymmetric finite element analysis can be solved easily and computation takes 
few seconds only. 
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 6.2  SCOPE FOR FUTURE WORK: 
 
Single discharge process is completed by thermal and electric analysis. Successive multi 
discharge is superposition of successive single discharge. For multi discharge process simulation, 
the next ignition point should be found after single discharge process. To find next ignition point, 
electric field analysis has to be conducted. Electric field strength between electrode and work 
piece is the function of surface configuration, dielectric constant of dielectric fluid, discharge gap 
and applied voltage. In electric field analysis, if the electric strength is higher than dielectric 
breakdown strength, this point is the next ignition position. From the next ignition position, the 
next single discharge simulation could be conducted. From the repetition of thermal-electric field 
analysis, successive discharge process could be simulated. 
 
The model is an integrated one, so it can be allowed to submit simultaneously cathode 
and anode in the same problem and same work conditions and further the material removed from 
anode can also be found out. This will also lead to calculation of Material Removal Efficiency 
given as the ratio of material removed per pulse to the volume melted per pulse. 
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